We report on the fabrication of multiwalled carbon nanotube ͑MWCNT͒ bridges using poly-methylmethacrylate ͑PMMA͒ suspended dispersion. This method makes it possible to suspend nanotubes between metal electrodes, without any chemical etching of the substrate, and to remove unwanted nanotubes from the substrate. Using a spacer layer of PMMA with a known thickness, it is also possible to control the suspended height of the MWCNT bridges. The electrical measurement results on suspended MWCNT bridges reveals that the room temperature resistance ranges from under a k⍀ to a few M⍀, with the majority around 2-4 k⍀. It was shown that a plasma-enhanced chemical vapor deposition grown MWCNT with a diameter ϳ55 nm can sustain current densities of ϳ10 8 A/cm 2 , which will make them suitable for applications as integrated field emission cathodes.
I. INTRODUCTION
It has recently become possible to grow vertical aligned multiwalled carbon nanotubes ͑MWCNTs͒ directly onto various substrates with the aid of plasma-enhanced chemical vapor deposition ͑PECVD͒. [1] [2] [3] [4] This technique makes it possible to incorporate a carbon nanotube growth stage into multilevel processing stages and fabricate devices that require ordered arrays of vertically aligned MWCNTs on lithographically defined sites. 5, 6 One such device that utilizes PECVD grown MWCNTs is the gated nanotube fieldemission cathodes. [7] [8] [9] These devices utilize the remarkable properties of carbon nanotubes ͑CNTs͒, such as high aspect ratio, superior mechanical strength, and high current carrying capability, 10 and the versatility of PECVD to create gated field emitters using single carbon nanotubes, that are vertically aligned, as cathodes.
To understand the field-emission characteristics of PECVD grown MWCNTs, it is vital that a detailed study of their electrical properties be made. This is due to the fact that the known electrical properties reported for MWCNTs are from those grown by different methods from PECVD and have smaller diameters and lower structural defects. 10 Although the electrical transport characteristics of arrays of vertically aligned PECVD grown MWCNTs have been investigated, 11 there has been no reported work on probing the electrical properties of individual PECVD grown MWCNTs.
In this article, we report on a method of creating electrical contacts to individual PECVD grown MWCNTs that are suspended from the substrate. There have been a few reports of techniques to suspend carbon nanotubes. One uses a sacrificial layer etching method which requires the nanotubes to be exposed to acids that may change the nanotube properties 12 and another uses a PMMA sacrificial layer but failed to make electrical measurements of the suspended nanotube. 13 In our method, the MWCNTs are dispersed in a solution of polymethylmethacrylate ͑PMMA͒ resist. This suspends the nanotubes within the polymer matrix, and after electrode deposition the nanotubes are kept suspended to form bridge structures. Since the nanotubes are not in mechanical contact with the substrate, measurements are not affected by any interaction with the substrate, which could lead to undesirable current leakage. Also, by spin coating a spacer layer of PMMA with a known thickness, before nanotube dispersion, the suspended height of the nanotube bridges can be controlled. The electrical measurements performed on the fabricated MWCNT bridges reveal that the PECVD grown MWCNTs are conductive and are able to carry a high density of current without suffering from damage, which are favorable for the application as field emission cathodes.
II. GROWTH OF MULTIWALLED CARBON NANOTUBES
The vertically aligned MWCNTs were grown by PECVD.
14 A thin Ni catalyst layer of ϳ3 nm thickness is deposited onto an oxidized Si substrate. Then the sample a͒ Author to whom correspondence should be addressed; electronic mail: sb122@cam.ac.uk temperature is increased to 700°C and the Ni thin film forms nanoclusters, which seed the growth of the nanotubes. The nanotube growth is then performed by introducing a mixture of C 2 H 2 and NH 3 into the chamber and initiating a dc glow discharge. The inclusion of NH 3 into the chamber prevents the formation of amorphous carbon on the substrate and on the surface of the nanotubes. 4, 6 The growth chamber pressure is maintained at 4 Torr. The growth of vertically aligned carbon nanotubes is achieved by biasing the substrate at Ϫ600 V, giving a current of ϳ0.1 A. A scanning electron micrograph ͑SEM͒ image of vertically aligned MWCNTs grown by this method is shown in Fig. 1 . 
III. PMMA SUSPENDED DISPERSION
A schematic diagram of the PMMA suspended dispersion process is shown in Fig. 2 . The PECVD grown vertically aligned MWCNTs were removed from the substrate and dispersed in a solution of PMMA. The nanotubes were seen to remain suspended within the solution for more than several hours after mixing. To map the location of the nanotubes once they are dispersed on the substrates, an array of Au reference markers were used which were prefabricated on the oxidized Si substrates.
Before spin-on of the nanotube-PMMA solution, a spacer layer of PMMA, without nanotubes, was spin coated onto the target substrate as shown in Fig. 2͑a͒ . This was done to control the height between the substrate and the suspended nanotubes further. To change the thickness of the PMMA spacer layer, the volume fraction of PMMA to the thinner agent is modified. A 2% PMMA to thinner mixture results in a ϳ50 nm thick PMMA layer when spin coated at 5000 rpm for 30 s and an increase in PMMA percentage results in a thicker spin-coated PMMA layer. The nanotube-PMMA solution was then spun-on to the PMMA spacer layer.
The position of the randomly dispersed nanotubes were mapped in reference to the Au markers and electron beam lithography was used to define the positions of the electrical contacts, as shown schematically in Fig. 2͑b͒ . Since the nanotubes were suspended in place by PMMA, unwanted nanotubes were removed from the substrate when the undeveloped PMMA was removed after contact deposition. The electrical contacts to the suspended nanotubes, that also act as the support for the nanotube bridge structure, were deposited by sputtering ͓Fig. 2͑c͔͒. By using relatively isotropic sputtering conditions ͑i.e., high pressure and lower power͒, the deposited metal may make contact by encapsulating the nanotube ends. Nb was used as the contact metal since the tensile stress in the sputtered Nb thin film contributes favorably to the lift-off process. After the lift-off process, the unwanted nanotubes were removed from the substrate and only the nanotubes held by the contacts remained on the substrate ͓Fig. 2͑d͔͒.
A SEM image of a MWCNT suspended by sputtered Nb contact metal is shown in Fig. 3 . The nanotube had a diameter of ϳ100 nm and the gap between the Nb contacts was ϳ600 nm. It can be seen that the nanotube ends are completely encapsulated by the sputtered Nb contacts and are held suspended by ϳ30 nm from the substrate. The thickness of the sputtered Nb contacts depends on the thickness of the spacer PMMA layer. Without the spacer layer, 150 nm thick Nb was sputtered to encapsulate the 100 nm diameter nanotube. With a spacer layer of 200 nm, more than ϳ350 nm of Nb was required. The suspension height of the nanotubes depending on the PMMA spacer layer thickness can be seen in Fig. 4 . For the structure shown in Fig. 4͑a͒ , the spacer layer was not used and the nanotube-PMMA layer has been spun-on directly to the substrate resulting in the nanotube being suspended about ϳ20 nm from the substrate. In the MWCNT bridge shown in Fig. 4͑b͒ , a 200 nm thick PMMA spacer layer was used and the nanotube was observed to be suspended at this height. The fabrication results shown in Figs. 3 and 4 demonstrate the usefulness of the PMMA suspended deposition technique and the use of PMMA spacer layers. It may also be possible to use this method of fabrication to make suspended free-standing structures from other types of nanotubes and nanowires.
IV. ELECTRICAL MEASUREMENT RESULTS
Initial measurements showed that the MWCNTs' structures were conductive and the I -V characteristics were ohmic up to a few volts of applied potential and the resistances ranged from lower than 1 k⍀ to a few M⍀, with the majority at 2-4 k⍀ range at room temperature. The measured resistance is a sum of the nanotube resistance and the Nb-MWCNT contact resistances and the distribution in the measured resistance may be from the structure variation in the MWCNTs or from differences in contact resistances. It was observed, through SEM examination, that the structures with resistances higher than a few hundred M⍀ showed significant damage to the nanotube, suggesting that the measured resistance for these structures may mostly be from the nanotubes. The damage may have been introduced during the removal of the nanotubes from the substrate, which requires mechanical handling of the nanotubes. Figure 5͑a͒ shows the measured I -V characteristics of a MWCNT bridge, which had a room temperature resistance FIG. 3 . SEM image of a MWCNT bridge structure fabricated by the PMMA suspended dispersion technique. The nanotube has a diameter of ϳ100 nm. The distance between the Nb electrodes is ϳ600 nm.
FIG. 4. SEM images of MWCNT bridges with differing suspension heights.
The gap between the nanotube and the substrate was about ϳ20 nm in ͑a͒ and ϳ200 nm in ͑b͒. The samples were tilted by 40°for clarity. of 0.63 k⍀. A schematic diagram of the measurement setup is shown in the inset. The MWCNT had a diameter of ϳ55 nm and the suspended height of the nanotube bridge was ϳ200 nm ͓Fig. 4͑b͔͒. It can be seen that the I -V characteristics were linear up to 1 V of applied potential V with the current density reaching close to ϳ10 8 A/cm 2 . This value is two orders of magnitude higher than the maximum current density (ϳ10 6 A/cm 2 ) that a noble metal wire may carry before electromigration induced breakdown occurs.
14 Previous reports on the detailed structure of PECVD grown MWCNTs have found that they are composed of concentric graphene shells that contain many ''bamboo'' shaped structural defects. 4 Considering this fact, the measured high current density is quite remarkable and will be advantages for application as integrated field emitters with high current density.
It should be noted that since the MWCNTs are broken off from the substrate, at least one end of the nanotube should be exposed. 5 This indicates that when the Nb contact electrode encapsulates the nanotube ends, it is making contact with multiple shells of the nanotube layers rather than just the outermost shell. When a voltage drop is induced on the nanotube bridge structure, current may flow through multiple graphene shells of the nanotube rather than a single shell. When the vertically aligned MWCNTs act as field-emission cathodes, the multiple shells of the nanotube will be in contact with the substrate. Therefore the results from the measurements made to the MWCNT bridge structures may closely resemble the current transport that takes place during field emission operation of a vertically aligned MWCNT.
For MWCNT bridges with a few k⍀ resistances at room temperature, their I -V characteristics showed a slight nonlinearity, which increased with decreasing temperature, as shown in Fig. 5͑b͒ . The MWCNT had a diameter of ϳ100 nm and was suspended by ϳ30 nm. When the temperature was lowered from 300 to 4.2 K the measured differential resistance showed an increase of about 10%. With nanotubes that had higher room temperature resistances, a greater increase in resistance was observed as the temperature was lowered, which indicates a relationship between the measured resistance and its temperature dependence. None of the nanotubes measured showed gating effect when an electric field was applied using a third electrode indicating that the nanotubes were not semiconducting.
These results are similar to results reported for the temperature dependence of single-walled carbon nanotubes, which was attributed to the transport being one-dimensional and ballistic. 15 In the PECVD grown MWCNT, it is highly unlikely that the transport may be ballistic considering the structural defects mentioned earlier, 4 and also more damage may have been introduced during the fabrication making the transport more likely to be diffusive. Taking this into account, we attribute the temperature dependent resistance to thermally activated defects distributed along the length of the nanotube, affecting the carrier concentration and mobility. 16 Therefore it may be possible to reduce temperature dependent fluctuation in resistance by modifying the PECVD growth conditions to reduce the defect density in the MWCNTs.
V. CONCLUSION
We have been able to perform transport measurements on PECVD grown MWCNTs fabricated using the PMMA suspended dispersion method. PMMA suspended dispersion allows nanotubes to be suspended in reference to the substrate and also enables unwanted nanotubes dispersed on the substrate to be removed with ease. The use of the PMMA space layer makes it possible to control the suspended height of the nanotube bridges from the substrate. Transport characteristics show that the contacts to the nanotubes are ohmic at low applied voltages and have two terminal resistances from less than 1 k⍀ to a few M⍀, with the majority at 2-4 k⍀ range. A MWCNT bridge with a 0.63 k⍀ resistance was able to carry current densities of ϳ10 8 A/cm 2 without breakdown, showing that the PECVD grown MWCNTs are able to carry high density currents. Increases of 10% in the resistance were observed as the measurement temperature of the nanotubes was lowered from 300 to 4.2 K which is attributed to reduced contribution from thermally activated defects. The high current density obtained and the reliability in the current carrying capacity will make PECVD grown MWCNTs a good candidate for application to gated field-emission cathodes.
